Theiler's murine encephalomyelitis virus (TMEV), genus
Cardiovirus, family Picornaviridae, is a natural enteric pathogen of mice and has been divided into two groups based on neurovirulence following intracerebral inoculation of susceptible mouse strains. Infection with BeAn, a less virulent strain of TMEV, results in a chronic, progressive demyelinating disease of the central nervous system (CNS). Persistence of BeAn within the CNS leads to immunopathologic damage of myelin, mediated by major histocompatibility complex (MHC) class II-restricted Th1 lymphocytes directed at a virus epitope(s) rather than host neuroantigens (8, 14, 15, 30, 31) .
During TMEV persistence, the major virus antigen burden resides in CNS macrophages (Ms) (24, 36) , and the virus load in Ms isolated from the CNS equals that in clarified CNS homogenates (9) . However, only a small percentage of Ms that infiltrate demyelinating lesions contain detectable virus antigen (24) . We previously found that TMEV infection in two M cell lines (RAW264.7 and P388D1) was restricted, and we postulated that M susceptibility to infection depends on the differentiation/activation state of the M (20) . To examine the cellular basis of the restrictive BeAn virus replication in Ms, we used the myeloid precursor cell line M1, derived from a spontaneous myeloid leukemia of SL mice (18, 19) . M1 cells differentiate in vitro into either M-or granulocyte-like cells in response to conditioned medium from embryonic cell cultures (18, 19) , various cytokines (33, 34) including interleukin-6 (IL-6) (7, 16, 42) , macrophage colony-stimulating factor (M-CSF) (46) , and chemicals such as dexamethasone or 1␣,23-dihydroxyvitamin D 3 (22) . Differentiated M1 cells upregulate several cell surface proteins, including Fc receptors (FcR), (49) , tumor necrosis factor alpha receptors (29) , and MHC class II proteins, and they acquire functions such as phagocytosis and lysozyme secretion (40) . M1 myeloid precursor cells have been widely used as a model for M differentiation and gene regulation.
Analysis of M1 cell infection with the highly virulent GDVII and the less virulent BeAn viruses revealed that only differentiated cells were susceptible to infection and apoptosis, and as previously reported for the restricted infection in BSC-1 cells (1), GDVII was a more efficient inducer of apoptosis than BeAn virus. However, since BeAn virus persists in mice and causes demyelination, subsequent studies focused on the less virulent BeAn virus. Interestingly, although BeAn infectious virus yields and viral RNA were lower in differentiated M1 (M1-D) cells than in permissive BHK-21 cells, large amounts of virus antigen were condensed within the cytoplasm of M1-D cells. The data reported here suggest that myeloid cells are susceptible to TMEV infection only when differentiated into Ms and that these cells die by apoptosis thereafter.
MATERIALS AND METHODS
Cells, viruses, and reagents. The M1 cell line, an immature myelomonocytic cell line derived from the SL mouse strain (kind gift from Selina Cheng Kang, Mount Sinai School of Medicine, and Barbara Hoffman, Temple University), was maintained in RPMI 1640 supplemented with 10% fetal bovine serum (GIBCO), 2 mM L-glutamine, 0.1 mg of kanamycin sulfate per ml, and nonessential amino acids (GIBCO) (complete medium). Conditioned medium from mouse L929 cells, which secrete M-CSF, was prepared by plating 0.5 ϫ 10 6 cells in a T75 flask with 50 ml of Dulbecco modified Eagle medium (DMEM) supplemented as specified above for RPMI complete medium, harvesting the supernatant after 1 week, adding 50 ml fresh DMEM, and collecting the supernatant after an additional week. Conditioned medium from the IL-1-secreting mouse macrophage P388D1 cell line was prepared by plating 1.5 ϫ 10 6 cells in 15 ml of RPMI complete medium, collecting the supernatant after 4 days, adding fresh medium, and harvesting cells after an additional 4 days. Supernatants from both time points were pooled, filtered, and stored at Ϫ70°C until use. M1 cells were induced to differentiate with conditioned medium containing 20% L929 supernatant, 17% P388D1 supernatant, and 0.25% 2-␤-mercaptoethanol (43a).
The origin and passage history of the BeAn virus stock have been described elsewhere (38) . Virus titers of clarified lysates from infected cells were determined by standard plaque assay on BHK-21 cells (38) .
Virus infections. After adsorption of virus at a multiplicity of infection (MOI) of 10 for 45 min at 24°C, M1 cells were washed with phosphate-buffered saline (pH 7.2), cultured with complete RPMI containing 5% fetal bovine serum, and incubated at 37°C in a 5% CO 2 incubator for the indicated times.
UV irradiation of BeAn. UV irradiation of BeAn virus was performed essentially as described elsewhere (21) except that the virus was exposed to UV for 1 or 20 min.
Flow cytometry. Staining for flow cytometry was done as described elsewhere (20) . Briefly, nonspecific antibody binding to cells was blocked with 10 l of goat serum and/or 2 l of anti-CD32/16 (FcR) (PharMingen, San Diego, Calif.) where appropriate. TMEV antigens were detected by incubation with a 1:1,000 dilution of polyclonal rabbit anti-BeAn or normal rabbit serum for 30 min at 4°C, followed by a 1:200 dilution of fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit antibody (Cappel/Organon Teknika, Durham, N.C.) for 30 min at 4°C. Cytoplasmic BeAn antigen was detected as described elsewhere (20) . Commercially available antibodies were used for the following antigens: CD32/ CD16b, CD11A, CD29, CD51, and CD54 from PharMingen; and CD11b(C3bi) and F4/80 from Caltag Laboratories (San Francisco, Calif.). Antibody 2F8 was a kind gift from Siamon Gordon (Oxford, United Kingdom) (23) . The MHC class II antibody was from hybridoma 10-3.6.2 (American Type Culture Collection, Rockville, Md.) which detects MHC class II k, v, q, and s haplotypes. The secondary antibodies were FITC-conjugated goat anti-rat immunoglobulin G (IgG; Caltag) and biotinylated anti-hamster Ig and avidin-FITC (PharMingen). After staining, cells were fixed in 1% paraformaldehyde and analyzed on a FACScan (Becton Dickinson, Palo Alto, Calif.) or a Coulter Epics XL-MCL (Coulter Corporation, Miami, Fla.). Data were evaluated by using the Consort 30 and LYSIS I computer programs for the FACScan or the Coulter computer program specific for the Epics.
Immunoprecipitation of viral proteins. Radiolabeled BeAn virus proteins were immunoprecipitated from cell lysates as described elsewhere (21) 35 S]methionine as described previously (20) . Purified virus from infected BHK-21 cell lysates was used in a standard binding assay (12) . Briefly, washed cells were resuspended (10 6 cells/ml) in DMEM containing 20 mM HEPES plus 1% bovine serum albumin and incubated on ice for 1 h prior to the addition of 35 S-labeled BeAn (20,000 particles/cell). At the indicated times, an aliquot of the suspension was removed, diluted in DMEM containing 20 mM HEPES, and microcentrifuged at 12,000 ϫ g for 30 s. The supernatant and cell-associated radioactivity were determined with a Beckman (Palo Alto, Calif.) model LS5000TD scintillation counter, and the percentage of cell-associated counts per minute was calculated by using Cricket Graph III software.
Assay of viral RNA replication. After virus adsorption, cells were washed and plated at 2 ϫ 10 4 cells/100 l/well in 96-microwell plates with complete medium containing actinomycin D (5 g/ml) and [ 3 H]uridine ([ 3 H]UdR; 10 Ci/ml; specific activity, 15 to 25 Ci/mmol; ICN). Infected cells were incubated at 37°C for the indicated times and harvested on a PHD cell harvester (Cambridge Technologies, Watertown, Mass.), and radioactivity was determined with a Beckman model LS5000TD scintillation counter. Data were analyzed by using Cricket Graph III software.
Assay of caspase activity. Caspases are members of the IL-1␤ converting enzyme family of cysteine proteases, which cleave at aspartic acid residues and are activated during apoptosis (3). Caspase protease activity was measured in cell lysates by using a modification of a described method (11) . Briefly, 2 ϫ 10 6 cells were lysed in 100 l of buffer containing 50 mM Tris-HCl (pH 7.4), 1 mM EDTA, 10 mM EGTA, and 10 M digitonin. Cells were suspended, incubated for 10 min at 37°C, centrifuged to remove cellular debris, and assayed after 60 min of incubation with 1 M CPP32 substrate peptide acetyl-Asp-Glu-Val-Asp conjugated to aminomethylcoumarin (DEVD-AMC). Fluorescence from cleaved AMC was detected with a 7625 Microplate fluorometer (Cambridge Technologies). Mean values of duplicate or triplicate samples are reported after subtraction of background values.
IFN-␣/␤ assay. Biologically active alpha and beta interferons (IFN-␣/␤) were measured essentially as described elsewhere (39) . L929 cells (10 4 /well of a 96-well plate) were incubated overnight at 37°C in a humidified 5% CO 2 atmosphere and further incubated with serial twofold dilutions of supernatants from mock-or BeAn-infected lysates for 6 h at 37°C. Vesicular stomatitis virus (10 5 PFU in 50 l) was added to each well, and incubation continued until control wells showed complete cytopathic effect (CPE). The IFN-␣/␤ titer was taken as the reciprocal of the dilution in which 50% of the cells were protected from CPE. An IFN-␣/␤ standard (Sigma, St. Louis, Mo.) was added to each plate to determine the concentration (units per milliliter).
Immunoblotting for Bcl-2, Bcl-X L and Bax expression. Expression of Bcl-2, Bcl-X L , and Bax proteins was assessed by Western blotting. Cells were lysed in radioimmunoprecipitation assay buffer and clarified by low-speed centrifugation to remove nuclei and debris. Protein content was determined with Bio-Rad (Hercules, Calif.) DC protein assay kit according to the manufacturer's instructions. Samples (20 g/lane) were electrophoresed on a 12 or 15% polyacrylamide gel and transferred to a ProBlot membrane (Applied Biosystems, Foster City, Calif.). The membrane, blocked with Tris-buffered saline containing 5% nonfat dry milk and 0.02% Tween 20, was incubated with 1:1,000 dilution of polyclonal rabbit anti-Bcl-2, anti-Bcl-X, and anti-Bax antiserum (PharMingen) for 2 h at 4°C, followed by a 60-min incubation with a 1:1,000 dilution of peroxidaselabeled anti-rabbit IgG. Peroxidase-labeled proteins were detected with 3,3Ј-diaminobenzidine tetrahydrochloride (Amresco, Solon, Ohio) in the presence of 0.1% peroxide.
RPA. RNA was isolated from M1 and M1-D cells by using TRIZOL reagent (Life Technologies, Grand Island, N.Y.) according to the manufacturer's instructions. The RiboQuant multiprobe RNase protection assay (RPA) (PharMingen) was used according to the manufacturer's instructions to analyze RNA expression of bcl-2 family members, using the mAPO-2 template set from PharMingen (catalog no. 45354P). The probe was synthesized by using [␣- 35 S]UTP instead of [␣-
32 P]UTP.
RESULTS
In vitro differentiation of M1 cells. M1 cells differentiate to M-like cells in vitro in response to a number of stimuli, including IL-6, M-CSF, and IL-1 (7, 33, 34, 40, 46) . When M1 cells were exposed to conditioned medium containing cytokines, cell morphology changed from round, nonadherent cells to bipolar, flattened adherent cells (Fig. 1A and B) . Flow cytometry confirmed this change in morphology, with an ϳ2-fold increase in both size (shift in forward scatter from 24 to 41 U) and granularity (shift in side scatter from 10.5 to 21 U). Treatment of M1-D cells with IFN-␥ (100 U/ml; Genzyme, Cambridge, Mass.) resulted in even larger, more adherent cells with numerous cytoplasmic vacuoles (Fig. 1C) . These cells increased an additional 1.5-fold in size and granularity (data not shown). Thus, M1 cells grown in conditioned medium were not terminally differentiated and remained responsive to an additional cytokine signal.
Several M-specific markers, including MHC class II proteins (Fig. 1D) , FcR (CD32/CD16) (40) (Fig. 1E ), F4/80 (28), Mac-1 (43), and 2F8 (10) ( Table 1) , were expressed concomitant with the morphological changes in M1 cells grown in conditioned medium. Of the other surface proteins tested, the integrin ␤ 1 chain (CD29) was upregulated, the integrin ␣ v chain (CD51) was not expressed in either the undifferentiated or differentiated population, and I-CAM (CD54) was highly expressed on both cell populations (Table 1) . Together, these data indicate that M1 cells undergo differentiation to M-like cells in the presence of conditioned medium. This differentiated state has been stable for 12 months with or without continuous exposure to conditioned medium.
Virus-induced apoptosis of M1-D cells. When M1 and M1-D cells were infected with BeAn virus at an MOI of 10, only the M1-D cells showed CPE after 18 h, with adherent cells rounding and detaching from the plate. Phase contrast microscopy revealed cell shrinkage and prominent surface blebbing consistent with active cell death by apoptosis. Indeed, DNA staining with 4Ј,6-diamidino-2-phenylindole (DAPI) revealed condensed nuclei and distinct apoptotic bodies in M1-D cells (Fig.  2B) , whereas the nuclear morphology in M1 cells remained intact with clear chromatin structure (Fig. 2A) . Counterstaining of these cells delineated virus antigen in 70 to 90% of M1-D cells (see Fig. 4A ), which was present as a compact mass in condensed cells (Fig. 2B) . Analysis of DNA cleavage into nucleosome-sized bands, a hallmark of apoptosis, showed clear fragmentation in DNA isolated from supernatants of BeAninfected M1-D cells but not in uninfected M1-D or infected undifferentiated M1 cells (Fig. 2C) .
Caspase activity, which is elevated during apoptosis, was at similar levels in uninfected and infected M1 cells (Fig. 2D) . The background caspase activity in uninfected M1-D cells was consistently lower (three experiments), while activity from BeAn-infected M1-D cells increased 15-to 17-fold (Fig. 2D) . Time course studies indicated a detectable increase in caspase activity beginning by 6 h, reaching peak levels by 8 to 10 h after infection (data not shown). This contrasts with the detection of morphological changes or DNA degradation, which were observed only after 12 h. Together, these data indicate that precursor Ms became susceptible to BeAn virus infection during differentiation and that infection results in apoptosis.
As previously demonstrated with BSC-1 cells (a primate kidney cell line) (21) , infection with the highly virulent GDVII virus resulted in significant apoptosis in M1-D cells at a 1-loglower MOI than for BeAn (data not shown).
BeAn virus binding. Flow cytometry revealed BeAn virus binding to the surface of M1-D cells (0.5 to 1.0 log increase in mean fluorescence intensity) but not to M1 cells (background fluorescence) (Fig. 3A) . In direct analysis of virus binding with 35 S-labeled BeAn (Fig. 3B) , the maximum binding to M1-D 
a Cells were incubated in conditioned medium to induce differentiation and analyzed by flow cytometry as described in Materials and Methods. ϩ, positive staining compared to controls; Ϫ, no difference in staining compared to controls. (Fig. 4B ) or in uninfected M1-D cells (data not shown). These data indicate that M1-D cells were infected and virus capsid proteins were generated at levels comparable to those in permissive BHK-21 cells.
BeAn virus RNA replication and production of infectious virus. BeAn virus RNA replication was measured by incorporation of [ 3 H]UdR in actinomycin D-treated M1 and M1-D cells; uninfected cells were assayed simultaneously to obtain background incorporation (Fig. 4C) . Only BeAn-infected M1-D cells incorporated significant amounts of radioactivity (Fig. 5A) . In fact, UV treatment for 20 min appeared to enhance virus binding somewhat. When assayed for cell viability by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (21) at high MOI (Fig. 5B) , less than 5% of M1-D cells infected with untreated BeAn virus remained viable. UV inactivation for 1 min reduced cell death, with greater than 90% of the cells remaining viable at an MOI of 25; however, at an MOI of 100, cell viability was 50%. UV inactivation for 20 min essentially destroyed the virus's ability to induce apoptosis even at an MOI of 100, with no change in the ability of the virus to bind to the surface of M1-D cells. These data indicate that virus RNA replication is necessary for the induction of apoptosis by BeAn virus.
IFN-␣/␤ secretion. To test whether constitutive secretion of IFN-␣/␤ contributed to resistance to (M1) or restriction of (M1-D) BeAn virus infection, levels of these cytokines were measured in supernatants of uninfected M1 and M1-D cells (Table 2) . Supernatants from M1 precursor cells contained undetectable amounts of IFN-␣/␤ (less than 10 U/ml), whereas ϳ500 U/ml was detected in supernatants from M1-D cells. Secretion of IFN-␣/␤ could be induced in both cell populations with IFN-␥ treatment (100 U/ml). Thus, M1-D cells may already secrete sufficient levels prior to BeAn infection to slow virus RNA replication and allow cells time to respond by apoptosis. The morphological characteristics and increased IFN-␣/␤ levels after IFN-␥ treatment of M1-D cells resemble those of resident Ms which can also be activated after an additional cytokine signal (4).
Bcl-2, Bcl-X L , and Bax expression. To determine whether Bcl-2 proteins, which regulate apoptosis (17) , play a role in the sensitivity of M1-D cells to infection and apoptosis, Western blotting of lysates from cells before and after infection and IFN-␥ treatment was performed with antibodies to Bcl-2, Bcl-X, and Bax (Fig. 6 ). Bcl-2 was expressed in M1 cells independent of infection or IFN-␥ treatment; however, in M1-D cells, Bcl-2 expression was lost and not regained upon infection or IFN-␥ treatment. The antiapoptotic Bcl-X L showed the opposite pattern of expression, i.e., high levels of M1-D cells and low levels of M1 cells regardless of infection or IFN-␥ treatment. Expression of the proapoptotic Bcl-X S protein, an alternatively spliced variant of Bcl-X, was not observed (not shown). In contrast, the proapoptotic ␣ isoform of Bax, whose expression has been shown to correlate with accelerated apoptosis (32), was found only in M1-D cells. Bax-␤, whose function is unclear, was ubiquitously expressed under all conditions. However, in two independently derived populations of M1-D, IFN-␥ treatment resulted in the loss of Bax-␣ expression. The significance of this finding is unknown. These data indicate that expression of the Bcl-2 family of proteins is modulated during differentiation or activation of M1 cells, consistent with their increased susceptibility to apoptosis (25) .
To confirm the immunoblot results, RPA with the 35 S-labeled mAPO-2 template set (PharMingen) was performed. Of the seven bcl-2 family members that are screened in this template set, only bcl-2, bcl X , bak, and bax showed significant changes in mRNA expression (Fig. 7) . Consistent with the above results, bcl-2 mRNA was expressed in M1 cells and bcl X was expressed in M1-D cells. In addition to bax mRNA upregulation observed with immunoblotting, bak mRNA levels appear to be upregulated when assayed by RPA. Both bak and bax proteins have been reported to be proapoptotic (1) . Bak protein expression was not tested by immunoblotting.
DISCUSSION
Our data using an in vitro model of M differentiation are consistent with the hypothesis that the state of M differentiation influences the susceptibility of these cells to infection and apoptosis. Previous experiments using the highly virulent GDVII virus and transformed macrophage cell lines revealed that the M1 cells were resistant to infection, whereas two other macrophage cell lines were susceptible (20) . The M1 cell line allowed us to ask the specific question of whether direct differentiation of a myeloid precursor cell line in vitro affected the cells' ability to be infected. Preliminary experiments using both GDVII and BeAn virus to infect M1-D cells showed results similar to previously published data using BSC-1 cells (21) .
After exposure to conditioned medium, the myeloid precursor M1 cells acquired characteristics similar to those of resident Ms ( Fig. 1; Table 1 ). At this stage of differentiation, M1-D cells were observed to bind BeAn virus, become infected, and undergo apoptosis. The data suggest that virus entry into undifferentiated M1 cells is blocked at the receptor level. Proof that M1 cells can support BeAn virus infection and die by apoptosis awaits transfection of BeAn virus RNA into these cells, although to date, transfection efficiencies (Ͻ1.0%) have been too low for analysis.
Infection at an MOI of 10 statistically guarantees that each cell is infected with at least one infectious virus particle Other viruses in which M differentiation determines susceptibility to infection have been described: visna virus infects Ms but not monocytes (13) , equine infectious anemia virus RNA is found only in resident Ms and not in peripheral blood monocytes (41), herpes simplex virus type 1 infects differentiated human U937 monocytoid cells but not undifferentiated cells (45) , and Puumula virus produces more infectious virus in differentiated U937 than in undifferentiated cells (44) . However, our system reveals an interesting paradox paralleling TMEV persistence in the CNS of susceptible mice. Although virus antigen was readily observed in the cytoplasm of the infected M1-D cells (Fig. 2, 4A , and 4B), viral RNA and production of infectious virus particles were highly restricted. This finding suggests that abundant virus capsid proteins are synthesized without assembly into infectious virus particles. There are several possible explanations for this observation, including insufficient transcription of viral RNA molecules for packaging into viral particles, defective assembly of capsid proteins into packaging intermediates, i.e., protomers and/or pentamers, and/or a block in virus RNA replication and virion assembly by an as yet unidentified cellular mechanism, perhaps related to apoptosis. Experiments to define the relevant mechanisms are being pursued in our laboratory. Preliminary experiments suggest that virus assembly in M1-D cells is altered.
It is also possible that M1 cells are inherently resistant to BeAn virus-induced apoptosis due to a high level of Bcl-2 expression (Fig. 5 ). Lotem and Sachs (25) (47) showed that neutrophils in human peripheral blood had high Bax/Bcl-2 ratios, while monocytes and lymphocytes had relatively low ratios, and that susceptibility to anti-Fas-induced apoptosis correlated with the ratios. These data suggest that monocytes, in vivo, are inherently more resistant to apoptosis than neutrophils.
We examined protein expression of only 3 of the 15 known Bcl-2 family members based on previous data (23) . Our results showing that undifferentiated cells express Bcl-2, while differentiated cells express Bcl-X L , are consistent with those of Lotem and Sachs (25) . However, in contrast to that study, we observed upregulation, not downregulation, of Bax-␣ protein expression. This discrepancy may be explained by the difference in either differentiation protocols or detection methods. In addition, RPA confirmed the immunoblot results, including upregulation of bax. An additional proapoptotic RNA, bak, appeared to be upregulated by RPA analysis as well. Our data are consistent with an increased susceptibility to apoptosis after differentiation, although we cannot exclude a potential role for other members of the Bcl-2 family. However, we can exclude a regulatory role for Bcl-2, since overexpression of bcl-2 in M1-D cells did not affect the ability of the virus to induce apoptosis (data not shown).
A possible mechanism for the maintenance of an inflammatory response despite low virus titers is suggested by the fact that virus capsid proteins were abundant in apoptotic M1-D cells. It is possible that virus antigens contained in apoptotic corpses are phagocytized by macrophages and made available for presentation to T cells. Bellone et al. (5) recently reported that antigen-specific cytotoxic T cells were activated by peritoneal macrophages that phagocytized antigen-expressing apoptotic cells. An earlier study (35) reported the detection of Sindbis virus glycoproteins in the surface blebs of apoptotic infected HeLa cells. Recently dendritic cells have been shown to acquire antigen from apoptotic cells and present them to both class I and class II-restricted T cells (2, 37). Therefore, it seems possible that phagocytosis of virus protein-containing Ms by MHC class II-expressing Ms or CNS microglia could maintain an immune response with very few productively infected cells but with sufficient virus antigen to trigger a T-cell response. This possibility is being tested in assays using apoptotic M1-D cells as phagocytic targets for peritoneal macrophages from TMEV-susceptible mice.
